Abstract-A new method of measuring microwave attenuation using time or frequency as the reference is described. It is a power ratio type of system in which power flowing through the unknown attenuator is controlled by a constant pulsewidth, variable period, and pulse-modulated p-i-n diode switch. This power is detected by a thin-film thermocouple (TFT), the output of which is compared with that of a similar reference thermocouple whose input is a small constant fraction of the source power. The duty cycle required for equal thermocouple outputs is simply related to the unknown attenuation. The method is independent of detector linearity, and when compared with precise measurement standards, the system was found to be capable of measuring attenuation of up to at least 20 dB with an accuracy of + 0.001 dB/10 dB.
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I. INTRODUCTION
M,{ETHODS of measuring microwave attenuation have been thoroughly reviewed by Warner [1] who has also reported [2] recent improvements to the UK national microwave standards. Usually the microwave energy is sensed either by a linear detector (e.g., mixer diode) or by a square law detector (e.g., bolometer). Substitution systems are widely used and contain reference standards such as a piston attenuator, an inductive voltage divider, or a Kelvin-Varley resistive divider, but in all such systems accuracy is dependent on detector linearity.
The time-interval ratio method to be described [31- [5] uses time or frequency as the reference, which can, in principle, be determined with great accuracy. Development of this system which uses pulse modulation, has depended on the availability of high-speed digital counting techniques which are essential for precise measurement. The idea of attenuation measurement by pulse duty cycle has been independently proposed by F. H. Gale [6] and R. J. Satchell [7] , but the only results obtained with this type of system of which the authors are aware were published as recently as 1983 [8] and 1984 [9] .
II. METHOD
In the Time-Interval Ratio System the detector must respond to mean power to make its output independent of the pulse-modulation duty cycle for a given mean power input. Such a square law detector limits the dynamic range of measurement to less than would be obtained with a superheterodyne system, but has the advantages of simplic- The essential components are shown in Fig. 1 in which a frequency and amplitude stabilized microwave source supplies power through a directional coupler to a reference channel and to a measurement channel containing the device under test (DUT) together with the usual isolators and matching units. The signals in the two channels are detected by TFT power heads and the difference between the dc outputs of these is made zero by varying the duty cycle of a pulse-modulated p-i-n diode switch in the measurement channel. The duty cycle of this pulse modulation is precisely determined by digital counting techniques and the difference in attenuation between two settings of the DUT is given by the inverse ratio in dB of the respective pulse duty cycles required for zero output. Fig. 1 Primed and double-primed values, e.g., P' and P", represent measurements made at the reference and unknown settings of the DUT. The mean powers reaching the detector in the measurement channel at the two settings of the DUT are given by P'n=Pi LIIO 100-A'10 (g'h't' (T'-t l) *1Apl10 If the pulse-modulation duty cycle is set by varying the period T, while maintaining the pulse length t; constant, then t ' -t " and 6t "/t " -6t '/t ' = 6t/t.
Similarly, 6g "Ig " -6g '/g ' = 3g/g represents any fractional change in the mean power transmission through the p-i-n diode between measurements.
Also 6h "/h " -h '/h = ' h/h represents any fractional change in power in the operating bandwidth between measurements caused by a change in harmonic content.
The maximum error 6A is given by =Aa 4.343
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where peak values are indicated by
The peak noise power Pn, specified for the standard dc chopper amplifier (Marconi-Sanders 6460) is about 6 nW at maximum sensitivity. Addition of further amplification with increased smoothing reduced the peak noise to about 1 nW. The pulse generator (Hewlett-Packard 5359A) has a specified accuracy of + 1 ns with resolution < I ns, with the contribution from the specified time base error of +2 ns/s rms for pulse periods of < 10-2 s being negligible. The output from this pulse generator was amplified by a VMOSFET switching transistor to provide + 10 mA and bt " bt'
-10 V as required by the p-i-n diode switch (Microwave Associates ML17280-13). Direct coupling to the p-i-n diode was achieved by isolating the latter from the adjacent coaxial lines by dc blocks. Because of amplifier and p-i-n switch limitations the effective RF pulse length may differ from that of the pulse generator. The pulse length t, which should be independent of duty cycle, was not changed during an individual calibration, and no variation, at, was conclusively detected at different duty cycles. Attenuation through the p-i-n diode when passing RF at 10 GHz was measured to be about 1.0 dB. Variation with temperature was about 0.001 dB/°C, and with drive voltage about 0.1 dB/V. Any variation of p-i-n diode drive voltage with duty cycle would introduce a systematic error which would be represented in the value of g. No such variation was observed.
The attenuation (isolation) of the p-i-n diode switch Ap was > 80 dB, and with 10 mW power at 10 GHz incident on the p-i-n diode no second harmonic could be detected with a spectrum analyzer sensitivity of -80 dBm, showing the harmonic power generated to be negligible.
The TFT detectors (Marconi 6422) have a maximum power rating of 1 mW and a thermal time constant of about 10 ms. Since the peak-to-peak alternating component of the measuring thermocouple output voltage is about 40 percent of the dc level for a thermal time constant of 10 ms and a pulse period of 4 ms, and the difference between the measuring and reference thermocouple output voltages is amplified by a high-gain dc amplifier, it is important that there should be sufficient filtering in the early stages of the amplifier to prevent overload or nonlinearity effects. Measurements confirmed that nonlinearity effects could only be detected if the alternating component of the amplifier input voltage was increased to over 20 times the actual maximum value.
In the experimental arrangement the attenuation in the measurement channel with the DUT at the reference position was about 9 dB due to losses in the p-i-n diode, high-pass filter, isolators, matching units, dc blocks, coaxial to waveguide transformer, and coaxial line. The attenuation in the reference channel was about 32 dB consisting of 20 dB in the directional coupler, a 10-dB reference attenuator, and the remainder being in the coaxial to waveguide transformer and coaxial line.
With 32-dB attenuation in the reference channel and Pr= 10 ,uW, the leveled input power P, = The first term represents random noise and is the most significant. Thus the worst combination of errors produces a maximum measurement error of +0.0011 dB when Tests confirmed that the balance condition was not changed for reasonably small (20 percent) changes in RF power level, such changes being much greater than the expected variations of the leveled input power. The system was not unduly sensitive to frequency, being unaffected by a change of 4 kHz, but a l-W Impatt oscillator or a TWT amplifier were both found to be unsatisfactory, possibly due to frequency components of amplitude noise outside the leveling loop bandwidth. The measurements to be described were made with a CV2346 low-voltage klystron oscillator giving about 50 mW befort leveling and frequency stabilized to 10 GHz + I kHz (Microwave Systems MOS/5) with the power contained within a 3-dB bandwidth of < 10 kHz.
Although a coaxial system offers wide frequency coverage, experience has shown that it is much more sensitive to mechanical and temperature effects than a waveguide system. Consequently, to investigate the capabilities of the time-interval ratio method of attenuation measurement high-quality waveguide components were used wherever possible, and the length of coaxial cables reduced to the minimum by mounting the thermally insulated and electrically and magnetically screened power detectors close to the equipment in a temperature controlled environment. 
C. Automatic Measurement
A desk top computer (Hewlett-Packard HP85) was used to control the various system components via an IEEE-488 interface bus as shown in Fig. 1 . During a change in output parameters, the Hewlett-Packard 5359A Pulse Generator suppresses its output. To prevent a short excessive imbalance between the two detectors overloading the amplifier and differentially heating the detectors, a switched attenuator (Hewlett-Packard 11713A) was used to reduce the power input by 70 dB during this time.
The computer was programmed to vary the pulse period T, while maintaining the pulse length t nominally constant, until balance conditions could be determined. With the DUT set at the reference value (0 dB) and an approximate value of T, the input power was reduced by the switched attenuator until the output unbalance voltage could be measured. Three measurements were made of the unbalance voltage at slightly different values of the period T. Using these voltages and periods the value of T required for zero output was calculated from a least squares error fit to a linear relationship between voltage and period. This sequence was followed at successively increased sensitivity until a sufficiently precise value of T required for balance was obtained. The process was repeated again with the DUT set to the attenuation value to be calibrated, and the true value obtained from T' Aa = 10 log Ttt.
At certain values of the period T the harmonic relationship of the corresponding pulse repetition frequency to the high-gain dc chopper amplifier switching frequency can cause low-frequency (<0.5 Hz) beating. This effect can be observed and overcome by a small change in pulse length and pulse period. o/number of measurements Results obtained from measurements on a switched coupler having nominal attenuation values of 10 and 20 dB are also included in Table I . These measurements were unaffected by changing the value of the fixed pulse length in the range 7 to 20 As, and were also unaffected by three samples of the p-i-n diode switch. For comparison, calibration values obtained from measurements by the UK National microwave attenuation standard 121 are included.
V. CONCLUSIONS
A relatively simple method of measuring microwave attenuation has been described which depends on the accurate measurement of time intervals. Measurements of attenuation values of up to 20 dB of a rotary vane attenuator and of a switched coupler have agreed with similar measurements made with the most sophisticated equipment [2] within the best accepted limits of 0.001 dB/10 dB.
The system has been successfully automated for computer-controlled measurements, but the requirement for relatively long, thermal time-constant detectors means that each measurement takes about 15 min.
It has not been possible to realize the potential advan-tages of a wide-band coaxial measurement system for precision measurement due to the unreliability and lack of constancy of coaxial components, connectors, and cable which are sensitive to temperature and vibration effects. Nevertheless, a carefully engineered Time-Interval Ratio System can provide accurate measurements of attenuation independent of more conventional methods. 
